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INTRODUCTION
Carbonate and silica veins occur in various geological contexts, and are the marker of past geological fluid circulation. Understanding the conditions of veins formation is of primary importance to decipher the role of fluids in the transfer of heat and matter, the transport and deposition of metals, and the mechanical properties of shear zones and faults. Stable isotopes are one of the historical tools used in the characterization of fluid-rock interactions (Urey, 1947; McCrea, 1950; Epstein et al., 1953; Emiliani, 1966; Craig and Boato, 1955) . Theoretically, stable isotopes give access to the fluid stable isotopic composition and the temperature of precipitation of minerals.
However, estimates of temperature and fluid composition are interdependent. That is the reason why stable isotopes studies have to be undertaken with a strong knowledge of the local geology and in association with complementary methods of fluid characterization, like fluid inclusions studies or other geothermometers.
The recent development of the carbonate clumped isotope thermometer has rapidly been considered as a very promising tool in Earth Sciences (Eiler, 2007) . This method is based on the thermodynamic phenomenon of "clumping" which consists in the preferential bonds formation between the heavy isotopes of carbon and oxygen in carbonate minerals. Unlike conventional carbonate thermometers, the clumped isotope thermometer allows temperatures of formation of carbonate to be estimated independently of the initial fluid isotopic composition. By extension, it can provide an estimate of the δ 18 O value of the parent fluid since the δ 18 O of the carbonate and temperatures are measured independently on the same aliquot of sample.
For the last two decades, the study of carbonate and silica veins developed in ultramafic rocks has attracted a renewed interest given the implications of this process for permanent carbon capture and storage through CO 2 mineralization (Kelemen and Matter, 2008; Kelemen et al., 2011; Oelkers et al., 2013; Ulrich et al., 2014) , and in the understanding of lateritic nickel ore formation (Butt and Cluzel, 2013 and references herein). The New Caledonia Peridotite Nappe hosts one of the largest lateritic nickel ore deposit representing around 30% of the global reserves in nickel, thus making New Caledonia the 7 th nickel producer in the world. In New Caledonia as in many other places worldwide (Caribbean, South America, Balkans, Russia, West Africa, South East Asian, Australia) Ni-laterites result from the intense weathering of ultramafic rocks exposed at the surface under hot and humid climate. Their development requires the dissolution of protolith minerals leading to i) the export of soluble elements and ii) the in-situ authigenesis of mineral phases hosting the insoluble elements. In the case of peridotites in New Caledonia, Si and Mg are exported whereas the laterites are enriched in iron oxi-hydroxides. Ni, with an intermediate behavior, is concentrated at the base of the lateritic profile where it reaches economic concentrations as Ni-bearing goethite (Trescases, 1975; Freyssinet, 2005) . The erratic nickeliferous high-grade ore is located along fractures; it is known as garnierite, a mix of Ni-rich serpentine, Ni talc-like minerals and Ni-sepiolite (e.g. Faust, 1966; Brindley and Hang, 1973; Villanova-de-Benavent et al., 2014; Cathelineau et al., 2015b; Fritsch et al., in press ) commonly associated with silica.
In New Caledonia ( Fig. 1 ), numerous magnesite (MgCO 3 ), quartz and amorphous silica veins occur at different levels in the peridotite nappe and are thought to represent by-products of the laterization process (Glasser, 1904; Trescases, 1975) . A per descensum model of fluid circulation was proposed in which Si and Mg are exported downward along fractures cutting through the nappe (Trescases, 1975) .
Many studies have concentrated on the mineralogical characterization of the Ni bearing phases (Brindley and Hang, 1973; Villanova-de-Benavent et al., 2014; Cathelineau et al., 2015b; Dublet et al., 2015; Fritsch et al., in press) For magnesite formed via carbonation of peridotite variously serpentinized, on the basis of stable isotopes analyses (C and O), most authors argue that carbonation occurs at low temperature and that the fluid is of meteoric origin but rarely propose to link carbonation and laterization processes (Oman: Kelemen et al., 2011; Streit et al., 2012; West California: Barnes et al., 1973; Poland: Jedrysek and Halas, 1990; Balkans: Fallick et al., 1991; Jurkovic et al., 2012; Greece: Gartzos, 2004; East Australia: Oskierski et al., 2013; New Caledonia: Quesnel et al., 2013) . On the other hand, some authors argue that few carbonation events likely occurred at hydrothermal conditions on the basis of stable isotopes analyses (Balkans: Fallick et al., 1991; Norway: Beinlich et al., 2012) and clumped isotope thermometry (Oman: Falk and Kelemen, 2015) .
In this study, we perform stable isotopes analyses on magnesite and silica veins and clumped isotope analyses on magnesite veins from New Caledonia, with a special attention to the Koniambo massif ( Fig. 1,2) where the recent development of a mining site allows the access to numerous and exceptional outcrops. We show how the two isotopic methods are complementary and can help to constrain the conditions of veins formation. We also question the per descensum model of fluid circulation proposed to explain the vertical distribution of the different mineralization in the peridotite nappe.
GEOLOGICAL SETTING
New Caledonia is located in the southwest Pacific Ocean, 1300 km east of Australia ( Fig. 1 ). Peridotites are abundant on the island as a consequence of the Eocene obduction of a sliver of oceanic lithosphere . The Peridotite Nappe sub-horizontally overlies the substratum which is comprised of several volcano sedimentary units . The New Caledonian Peridotite Nappe is exposed in the "Massif du Sud" and as a series of klippes along the northwestern coast ( Fig. 1) .
Laterite occurs at the top of the peridotites (Fig. 1) . Several planation surfaces attest to distinct episodes of weathering and/or epeirogenic movements during the Cenozoic (Latham, 1986; Chevillotte et al., 2006; Sevin et al., 2012) . Capping the laterite profile, a ferricrete composed of indurated iron oxides (hematite) mainly occurs as relicts 1 to 2 m thick. Below the ferricrete, the limonitic level is mainly composed of oxi-hydroxides (goethite) and reaches about 20 m in thickness. In this level, the structure of the rock is totally erased. At the base of the profile, the saprolitic level consists in an intermediate state of alteration between limonite and the underlying peridotite. This level reaches around 30m thick. The highly fractured structure of the protolith is preserved. The saprolite level hosts a diffuse Ni mineralization as well as an erratic nickeliferous high-grade ore (Cathelineau et al., 2015a and b; Fritsch et al., in press), known as garnierite veins.
Garnierite occurs as fracture infillings and consists in an association of Ni-rich serpentine and Ni talc-like minerals often associated with silica (Trescases, 1975; Cluzel and Vigier, 2008; Cathelineau et al., 2015b) . Some garnierite occurrences formed syn-tectonically (Cluzel and Vigier 2008) and occur occasionally as hydraulic breccia where silica cement hosts clasts of serpentine and Ni talc-like minerals (Myagkiy et al., 2015) . Fractures can also be filled solely by silica.
Beneath the saprolite, the main part of the nappe consists of peridotites in which no silica occurs. Peridotites are highly fractured. Serpentinization is intensive in the deformed zones. At the base of the nappe, peridotites are pervasively serpentinized and highly sheared, constituting the so-called Serpentine Sole.
The sole hosts numerous magnesite veins (Quesnel et al., 2013) commonly associated with amorphous silica (Ulrich et al., 2014) . Elsewhere in New Caledonia, silica also occurs as infillings of late normal faults of regional extent, as pervasive silicification at the base of the nappe, locally known as the "Mur de silice" and as veins spatially associated to the Saint Louis and Koum Oligocene granitoid intrusions (Paquette and Cluzel, 2007; Jacob, 1985; Aye et al., 1986) .
These occurrences are not studied here as they do not relate to the supergene alteration system of the Koniambo Massif. This massif (Fig. 2 ) corresponds to one of the klippen occurring along the northwestern coast (Fig. 1 ). As everywhere on the island, the nappe is capped by a highly dissected and partly reworked lateritic profile (Maurizot et al., 2002) . At lower elevations, laterites of the westerly-dipping Kaféaté plateau probably belong to a younger planation surface (Latham, 1977; Chevillotte et al., 2006) .
Sampling and Samples

Strategy
In the Koniambo massif, a recently opened mining site allows the sampling of the Peridotite Nappe nearly continuously from the Serpentine Sole to the lateritic profile (Quesnel et al., 2016) . The Serpentine Sole is well exposed along cross-sections several hundreds of meters long and a few tens of meters high. The intermediate levels of the Nappe can be observed along an access road reaching the summit of the mining face where mining operations presently expose the laterite and the transition to the fractured peridotite. The veins have been collected at all levels in the Peridotite Nappe in order to get information on the circulation of fluids at the nappe scale (~800m thick) on the 1D vertical direction. On each sampling site (Fig. 2) , the nature of the structure hosting veins has been described when possible.
To obtain a first estimate on the representativeness of the Koniambo Massif with regards to the whole New Caledonia Peridotite Nappe, some samples have been collected at other locations within New Caledonia ( Fig. 1 
Magnesite
In the Koniambo massif, magnesite occurs mainly as veins in the Serpentine Sole ( Fig. 3a, b ). Some magnesite veins occur along fractures up to a few hundred of meters above this level (sampling sites 3 and 5, Fig. 2 and Table 1 ). In many cases, magnesite veins display a cauliflower texture which attests of a non-oriented growth.
Some occurrences show a coarse fibrous texture where fibers of monomineralic magnesite are orthogonal to vein walls ( Fig. 3b,c ). At the Serpentine Sole level, magnesite veins occur preferentially within and along the margins of meter-thick lowdipping shear zones that are also marked by the development of serpentine (Fig. 3a,b ).
These veins are locally folded or offset by subsidiary shear planes (Fig. 3a) . Most of the veins occurring outside the main shear zones have an orientation and coarse fibrous texture suggestive of tension gashes opened during the same shear regime ( Fig. 3b ,c; see also Quesnel et al., 2013) . In soils (Fig. 3d ), magnesite appears as nodules that can reach a few tens of cm in width. In general, magnesite samples are mono-mineralic but locally intimately associated with amorphous silica at the Serpentine Sole level.
Quartz veins and amorphous silica
Quartz and amorphous silica samples have been examined using optical and electronic microscopies (MEB), and the nature of silica polymorphs has been checked by Raman spectroscopy. In the coarse saprolite level and the underlying bedrock, quartz veins occur as fractures infillings. These infillings correspond to the re-opening of ancient fractures commonly filled by serpentine, and in some cases by nickel-rich (or nickel-bearing) serpentine and/or talc-like minerals ( Fig. 4c, Two types of amorphous occurrences were studied: i) brown opal occurs as very late coating or drapery-like on blocks of the coarse saprolite level, which constitutes a rather rare case, ( Fig. 4e ; "brown opal" in Table 1 ); ii) translucent opal closely associated with magnesite at the Serpentine Sole, as micro-spherule (Koniambo; Fig. 4g,h; first three rows in Table 1 ) or as microfracture infillings (Nepoui). Raman analyses show a large band between 300 and 500 cm -1 and in some case a band at 460
Similar quartz opal samples were collected in other New Caledonian occurrences for comparison ( Fig. 1 and Table 1 ).
Analytical techniques 4.1 Oxygen and carbon isotopes in magnesite
The isotopic analysis of 21 magnesite samples has been performed at the stable isotope laboratory of the University of Rennes 1, France. Samples were finely crushed in a boron carbide mortar, then reacted with anhydrous phosphoric acid at 75ºC for 24h. The experimental fractionation factor between magnesite and CO 2 is α CO2-Magnesite =1.009976 at 75ºC (Das Sharma et al., 2002) . CO 2 was analyzed on a VG OPTIMA triple collector mass spectrometer. In the absence of magnesite standard, inlab calcite standard (Prolabo Rennes) samples were analyzed together with the magnesite samples under identical conditions in order to control the general reliability of the protocol. The analytical uncertainty is estimated at ±0.3‰ for oxygen and ±0.2‰ for carbon by duplication of several analyses. The results are reported using the δ notation relative to VSMOW for O and to VPDB for C. 
Magnesite clumped isotopes
The ∆ 47 value is calculated from the measured ratios (R Ghosh et al. 2006 ).
Clumped isotope analyses were performed on 7 samples of magnesite in the Qatar Stable Isotopes Laboratory at Imperial College, London, UK. Magnesite was finely crushed and samples of ~5 mg were digested online in a common acid bath composed of 105% ortho-phosphoric acid at 90ºC during 1 hour. The liberated CO 2 gas was continuously trapped and purified by passage through a conventional vacuum line with multiple cryogenic traps and Porapak-Q trap held at -35ºC (Dennis and Shrag, 2010) and was analyzed using a Thermo Finnigan MAT-253 gas source mass spectrometer. The analysis protocol followed procedures described by Huntington et al. (2009) and Dennis et al. (2011) comprising measurements that consisted of 8 acquisitions with 7 cycles per acquisition and an integration time of 26 s. Each cycle included a peak center, background measurements and an automatic bellows pressure adjustment aimed at a 15V signal at mass 44. The sample gas was measured against an Oztech reference gas standard (δ 13 C =-3.63 ‰ VPDB, δ 18 O =-15.79 ‰ VPDB).
Each sample was measured at least three times using separate aliquots to improve counting statistics. An internal standard (Carrara marble, "ICM", 0.312‰), a published inter-laboratory standard ("ETH3", Meckler et al., 2014, 0 .634‰ before acid fractionation correction) and heated gases were analyzed regularly in order to correct for non-linearity (Huntington et al., 2009) and to transfer the measured values in the absolute reference frame (Dennis et al., 2011) . Finally, an acid fractionation factor of 0.069‰ was added to the ∆ 47 values in the absolute reference frame to account for acid fractionation at 90ºC (Guo et al., 2009 , Wacker et al., 2013 . The analytical uncertainties of the ∆ 47 measurements were added by Gaussian error propagation using standard error of the mean.
Oxygen isotopes in quartz veins and amorphous silica
The isotopic analysis of 26 silica samples has been performed at the stable isotope laboratory of Institut de Physique du Globe de Paris, France. Samples were finely crushed and reacted with BrF 5 as an oxidizing agent overnight in Ni tubes at 550ºC
following the method of Clayton and Mayeda (1963) . O 2 was directly analyzed on a Thermo-Fisher Delta V mass spectrometer. During the course of the analyses, the measurements of 14 NBS28 quartz standard allowed to control the general reliability of the protocol (mean = 9.67 ± 0.1 ‰, n= 14).
Thirteen other silica samples have been analyzed at the stable isotope laboratory of Géosciences Rennes (University of Rennes 1, France). Samples were and finely crushed and O 2 was liberated from minerals through reaction with BrF5 at 670°C
overnight following the method of Clayton and Mayeda (1963) . O 2 was then converted into CO 2 by reaction with hot graphite. Isotopic ratios were measured on a VG SIRA 10 triple collector. NBS 28 quartz standard and in-house A1113 granite standard were routinely analyzed together with samples; the analytical uncertainty is ±0.2‰. The O isotope composition is reported using the δ notation relative to VSMOW.
RESULTS
Magnesite
The stable isotopes compositions of magnesites (Fig. 5 a, Τhe ∆ 47 values and clumped isotope temperatures in magnesite are reported in Table 1 and illustrated in Figure 5d . The detailed clumped isotope data are presented in the Electronic Supplement S.1. The clumped isotope temperatures presented here are calculated using the ∆ 47 calibration for calcium carbonate of Kluge et al. (2015) , because to date, no ∆ 47 calibration exists for magnesite. The temperatures range between 26-42ºC ( Fig. 5d and Table 1 ) with an average temperature of 30±5ºC for the magnesite veins from the Serpentine Sole and a temperature of 42±2ºC for a nodular soil magnesite.
Quartz veins and amorphous silica
The oxygen isotope compositions of quartz veins and amorphous silica display a large range of δ 18 O values between 21.8‰ and 35.3‰ ( Fig. 5a and Kluge et al. (2015) performed in the same laboratory than our study. Actually, for our samples, the clumped isotope temperatures calculated using these two calibrations are similar, taking into account the uncertainties of the measurements. The clumped isotope temperatures obtained using the calibration of Kluge et al. (2015) average around 30°C, and would suggest that the magnesite-water fractionation factors of Aharon (1988; Magnesite 1) and Zheng (1999) are the most consistent with our results.
We use the isotopic equilibrium between amorphous silica and magnesite to test the validity of the calculated clumped temperature of magnesite formation. We were able to obtain the δ 18 O of magnesite, δ 18 O of amorphous silica and ∆ 47 on magnesite measurements for one sample (GBMS-Si-1, Fig.4g ,h and Table 1 ) where magnesite and amorphous silica are intimately associated and are interpreted as cogenetic. At the serpentine sole level where sample GBMS-Si-1 was collected, pervasive development of amorphous silica linked to magnesite formation by serpentine dissolution is documented (Ulrich et al., 2014) . The isotopic fractionation between silica and magnesite (∆ 18 O Amorphous silica-Magnesite ) measured on this sample is 4.2‰. Actually, there is no published isotopic fractionation factor between these two species. We therefore combine the various oxygen fractionation factors between silica forms and H 2 O and magnesite and H 2 O available in the literature in order to obtain the corresponding temperature (Electronic supplement S.4). Only three different combinations provide realistic temperatures, around 25°C for two of them and around 40°C for the third. On the same sample GBMS-Si-1, the ∆ 47 measurement allows calculating a temperature of 35±6°C (Table 1) , broadly consistent with these temperatures. It thus appears that both methods agree with each other, despite the lack of a specific ∆ 47 calibration for magnesite. More generally, the range of clumped isotope temperatures between 26±4 and 42±2 calculated for magnesite confirms its low temperature of formation in the Koniambo massif.
Meteoric origin of the fluid
Since Independently, several resurgences of hyperalkaline fluid with pH up to 11 related to present day serpeninization (Barnes et al., 1978 , Monin et al., 2014 
Fractionation in the carbon isotope system
occur in New
Caledonia (Launay and Fontes, 1985) . Among the processes that could explain low values of δ 13 C, kinetic isotopic fractionation of C isotopes is known during hydroxylation of dissolved CO 2 when carbonate forms by diffusive uptake of dissolved CO 2 (Dietzel et al., 1992) . Such process has been proposed to explain the extreme depletion of 13 C measured in various carbonate occurrences, without important effect on the oxygen isotope compositions, as calcite travertine deposit in Oman (Clark et al., 1992) , sediments cemented by calcite from central Jordan (Fourcade et al., 2007) and also for magnesite deposits in Australia (Oskierski et al., 2013) .
Recently, Hill et al. (2014) and Watkins and Hunt (2015) showed that kinetic fractionation in alkaline to hyperalkaline environment have minor effect on the ∆47 composition of carbonate. This can lead to underestimate the clumped isotope temperature of mineral growth by a few °C. Even if such effect would have existed during magnesite formation, this thus would not change the conclusion that magnesite formed at low temperature, around 30°C.
Conditions of quartz veins and amorphous silica formation
At the island scale, the δ To summarize, the main information obtained from the isotope systematics on quartz veins from the saprolitic level is that they formed under conditions of lowtemperature hydrothermalism rather than at surface temperatures.
Heat sources for quartz veins formation
Magnesite and amorphous silica have ranges of oxygen composition narrower than that of quartz veins (Fig. 5a, c) Occurrences of hydraulic breccia where quartz cements serpentine and garnierite clasts in the coarse saprolite level (Myagkiy et al., 2015) are consistent with this idea.
The question of mechanism of precipitation of quartz in the saprolitic structural level remains. The first possibility consists in the precipitation of quartz lead by a change of pH condition. Indeed quartz solubility is function of pH increasing rapidly from pH>9. The pH measured in New Caledonian resurgences of water at the base of the nappe are basic with pH up to 11 (Monin et al., 2014 ) whereas pH in coarse saprolite level is around ~8 (Trescases, 1975) . This abrupt decrease of pH at the saprolitic interface could explain quartz precipitation. Moreover, an additional mixing with per descensum meteoric water with pH ~7 (Trescases, 1975) and at surface temperature is also possible and could lead to quartz precipitation.
Nevertheless, unlike the conditions of syn-tectonic magnesite formation, no clear evidence of syn-tectonic quartz veins formation is recorded and precludes associating the fluid overpressure to tectonic activity. Consequently, even if the upward fluid circulation linked to fluid overpressure may be in agreement with our data, it remains difficult to identify the cause of such large-scale upward migration of fluid.
An alternative hypothesis to explain the ~40-95°C temperature range of formation of quartz veins at the coarse saprolite level is to invoke exothermic reactions of serpentinization. Indeed, such reactions are known to produce heat (Fyfe, 1974) and may explain elevated temperature of fluid in ultramafic-hosted hydrothermal systems (Kelley et al., 2001 , Lowell and Rona, 2002 , Schroeder et al., 2002 . Even if serpentinization reactions can explain only a part of the heat contribution for high temperature hydrothermal systems, they could be sufficient for low temperature hydrothermal system like Lost City type (Mével, 2003) . In New Caledonia, several present-day resurgences of low-temperature (reaching 37°C) and hyperalkaline fluid with pH up to 11 are interpreted as evidence of present-day serpentinization (Barnes et al., 1978 , Monin et al., 2014 . A recent study (Guillou-Frottier et al., 2015) proposes that such reactions could occur in the coarse saprolite during the weathering of the peridotite. These authors argue that serpentinization reactions should trigger convective fluid circulation by i) increasing of temperature by several tens of degrees and ii) increasing of permeability and porosity by fracturation induced by volume expansion (Kelemen and Hirth, 2012) . This model could explain the relatively high temperatures identified for the quartz veins formation and the local occurrences of hydraulic breccia where quartz cements serpentine and garnierite (Myagkiy et al., 2015) . Our observation and isotopic data are consistent with this model.
CONCLUSION
On the basis of stable oxygen isotope data and clumped isotope analyses, we argue that carbonation at the base of the nappe and silicification at the saprolite level of the New Caledonia Peridotite Nappe occurred under different temperature conditions. Numbers indicate sampling location and are reported in Table 1 for all samples coming from the Koniambo massif. 
